Recent laboratory shear-slip experiments conducted on a nominally flat frictional interface reported the intriguing details of a two-phase nucleation of stick-slip motion that precedes the dynamic rupture propagation. This behavior was subsequently reproduced by a physics-based model incorporating laboratory-derived rate-and-state friction laws. However, applying the laboratory and theoretical results to the nucleation of crustal earthquakes remains challenging due to poorly constrained physical and friction properties of fault zone rocks at seismogenic depths. Here we apply the same physics-based model to simulate the nucleation process of crustal earthquakes using unique data acquired during the San Andreas Fault Observatory at Depth (SAFOD) experiment and new and existing measurements of friction properties of SAFOD drill core samples. Using this well-constrained model, we predict what the nucleation phase will look like for magnitude ∼2 repeating earthquakes on segments of the San Andreas Fault at a 2.8 km depth. We find that despite up to 3 orders of magnitude difference in the physical and friction parameters and stress conditions, the behavior of the modeled nucleation is qualitatively similar to that of laboratory earthquakes, with the nucleation consisting of two distinct phases. Our results further suggest that precursory slow slip associated with the earthquake nucleation phase may be observable in the hours before the occurrence of the magnitude ∼2 earthquakes by strain measurements close (a few hundred meters) to the hypocenter, in a position reached by the existing borehole. Key Points: • Models of earthquake nucleation have been developed using SAFOD data and measurements of friction properties of drill core samples • The nucleation process of M 2 repeaters near the SAFOD observatory may consist of two distinct phases, like in that of laboratory earthquakes • Our results indicate that the precursory signals of anticipated M 2 earthquakes could be captured by near-field strain observations Supporting Information: • Supporting Information S1 Correspondence to: Y. Kaneko, y.kaneko@gns.cri.nz Citation: Kaneko, Y., B. M. Carpenter, and S. B. Nielsen (2017), Nucleation process of magnitude 2 repeating earthquakes on the San Andreas Fault predicted by rate-and-state fault models with SAFOD drill core data,
Introduction
Earthquake rupture initiates within a limited nucleation patch then accelerates and propagates over the fault area, at a speed close to the shear wave velocity of the surrounding rocks (a few km/s). A question of critical importance is whether earthquake rupture begins abruptly or starts to grow slowly and which set of parameters determine one or the other condition. Indeed, a slow, aseismic slip front (representing the moving boundary between slipping and stuck regions on the fault surface) may expand in the nucleation region for extended time intervals before the breakout of seismic rupture. The controls on the size and duration of such an aseismic phase are of extreme interest in seismology.
While most earthquake ruptures start abruptly, with no evidence for a nucleation process, precursory aseismic slip prior to the initiation of many well-studied earthquakes has been inferred from seismological observations. Studies of well-recorded seismicity in various tectonic settings provide observational evidence that precursory aseismic slip triggers the failure of small-scale asperities, generating foreshocks near the eventual hypocenter of the main shock [Dodge et al., 1996; McGuire et al., 2005; Bouchon et al., 2011; Tape et al., 2013; Schurr et al., 2014; Yabe et al., 2015] . It was pointed out [Bouchon et al., 2013] that foreshock activity is preferentially observed in interplate, as opposed to intraplate faulting. In the case of the 2004 M 9.2 Sumatra-Andaman earthquake, subsidence within the 6-12 months was interpreted as precursory slow slip of up to 1.5 m preceding the seismic rupture [Paul and Rajendran, 2015] . In the case of the 2011 M 9.0 Tohoku-oki earthquake, Kato et al. [2012] reported that foreshock sequences migrated toward the hypocenter at a speed of 2-5 km/d over a period of a few weeks, followed by a pause of about 10 days, and then again at a slightly higher (∼10 km/d) speed in the hours preceding the earthquake, suggesting transient propagation of a slow-slip rupture front. However, direct observations of precursory aseismic slip remain a major challenge, likely due to the paucity of in situ monitoring at seismogenic depths. An additional difficulty is our incomplete understanding of the 10.1002/2016GL071569 length scale and timescale of the nucleation process and its dependence on rock type, tectonic stress, and stressing rate.
Accumulating evidence from laboratory and theoretical studies suggests that an aseismic nucleation precedes rapid shear-slip events on a frictional interface. In laboratory studies, the nucleation process of shear ruptures on a frictional interface is often characterized by a transition from slow (quasi-static) to fast (inertially controlled) rupture, which can be qualitatively understood as the onset of a stick-slip frictional instability [e.g., Ohnaka and Kuwahara, 1990; Kato et al., 1992; Ohnaka, 1996; Dieterich and Kilgore, 1996; Nielsen et al., 2010; Latour et al., 2013; McLaskey and Kilgore, 2013] . Theoretical and numerical studies support the view that earthquake nucleation is a developing frictional instability on a fault under tectonic loading [e.g., Okubo and Dieterich, 1984; Dieterich, 1992; Tullis, 1996; Campillo and Ionescu, 1997; Shibazaki and Matsu'ura, 1998; Lapusta and Rice, 2003; Hori et al., 2004; Ampuero and Rubin, 2008; Kaneko and Lapusta, 2008; Fang et al., 2010; Schmitt et al., 2011; Kaneko and Ampuero, 2011; Noda et al., 2013; Viesca, 2016] .
In particular, theoretical models of earthquake nucleation based on rate-and-state friction laws were developed by a number of investigators [e.g., Okubo and Dieterich, 1984; Dieterich, 1992; Tullis, 1996; Lapusta and Rice, 2003; Hori et al., 2004; Ampuero and Rubin, 2008; Kaneko and Lapusta, 2008; Fang et al., 2010; Kaneko and Ampuero, 2011; Noda et al., 2013; Viesca, 2016] . However, the validation of these models with observed nucleation, even in idealized laboratory analogue experiments, is a challenging task because the resulting nucleation behavior is highly nonlinear and depends on the underlying assumptions in each model. Recently, Kaneko et al. [2016] demonstrated that the relatively simple model of rupture nucleation with rate-and-state friction quantitatively reproduces the spatial and temporal evolution of nucleating ruptures observed in highresolution laboratory experiments over a range of normal stresses [Latour et al., 2013] , validating the rate-and-state model at a laboratory scale (i.e., tens of centimeters). Yet it is not clear whether the laboratoryscale model can be applied to the nucleation of crustal earthquakes for two main reasons. First, scaling up the laboratory results to crustal conditions requires orders of magnitude changes in the fault size, normal stress, and background loading rate. Second, and more importantly, the physical and friction properties of fault zone rocks at seismogenic depths are generally unknown.
In this study, we conduct numerical simulations of earthquake nucleation using the model proposed by Kaneko et al. [2016] which was validated with laboratory results [Latour et al., 2013] . We adapt and parametrize the numerical model according to data acquired during the SAFOD experiment and new and existing measurements of friction properties of SAFOD drill core samples. We then predict what the nucleation phase will look like for magnitude (M) ∼2 repeating earthquakes at a 2.8 km depth and examine whether such phase can be observable prior to the onset of earthquake rupture. Lastly, implications of our results for the nucleation of other crustal earthquakes are discussed.
Model Setup
A two-dimensional elastodynamic model [Liu and Lapusta, 2008; Lapusta and Liu, 2009 ] is used to simulate the nucleation of in-plane shear-slip events on a fault embedded into an infinite elastic medium and subject to slow tectonic loading. In this model, fast shear-slip events (i.e., earthquakes) are generated as a part of spontaneous earthquake sequences, with conditions before the nucleation naturally arising from the previous history of fault slip and loading. The numerical approach is based on a boundary-integral method, and its implementation is described in Liu and Lapusta [2008] and Lapusta and Liu [2009] .
The fault constitutive response is governed by laboratory-derived rate-and-state friction laws [Dieterich, 1979; Ruina, 1983] . Frictional resistance of the fault may be shown as
where is the normal stress, p is the pore pressure on the fault, − p is the effective normal stress, a and b are constitutive parameters, V is slip rate, f 0 is the reference friction coefficient associated with the reference slip rate V 0 , D c is the characteristic slip distance, and is a state variable often interpreted as the average age 10.1002/2016GL071569 of the population of contacts between two surfaces [Dieterich, 1979; Ruina, 1983] . In this study, the so-called "slip law" is assumed for the evolution of the state variable (equation (2)). Compared to the widely used aging law [Dieterich, 1979; Ruina, 1983] , the slip law provides a better match to velocity-step rock-friction experiments [Rathbun and Marone, 2013; Bhattacharya et al., 2015] and hence would be more appropriate for modeling earthquake nucleation. Note that the slip law fails to quantitatively explain fault healing processes in laboratory experiments [Beeler et al., 1994] and would not be appropriate for simulating postseismic and interseismic slip. Which state-variable evolution law is the most appropriate for modeling overall properties of the earthquake cycle is still under debate [e.g., Beeler et al., 1994; Bhattacharya et al., 2015; Marone and Saffer, 2015] .
In the rate-and-state framework, whether the fault patch deforms as a stick-slip event or continuous creep depends on the friction parameter a − b. At steady state, rock friction shows either rate-weakening (a − b < 0) or rate strengthening (a − b > 0) behavior, influenced by a number of factors including temperature, normal stress, and the type of materials [e.g., Blanpied et al., 1998; Ikari et al., 2011a; Collettini et al., 2011; Mitchell et al., 2016] . A stick-slip frictional instability is able to develop only if the rate-weakening patch of a fault exceeds the nucleation length h * . The estimate of a critical length h * appropriate for the friction laws (equations (1) and (2)) was theoretically derived from the linear stability analysis of steady sliding between deformable solids [Rice, 1993; Ruina, 1983] :
where ′ = ∕(1 − ) and ′ = are for in-plane and antiplane sliding, respectively, is the shear modulus, and is the Poisson's ratio.
Main Results From the Study of Kaneko et al. [2016]
We summarize here the main results of laboratory-scale simulations already discussed in Kaneko et al. [2016] to facilitate comparisons with the nucleation simulations of SAFOD earthquakes considered in this study.
The model setup considered in Kaneko et al. [2016] was motivated by the laboratory finding of Latour et al. [2013] . In the laboratory analogue experiments, spontaneous rupture nucleation on a frictional interface was imaged and captured via high-speed photoelasticity and acoustic sensors ( Figure 1a ). In the numerical models, the fault is divided into three segments: a central rate-weakening patch and the surrounding rate-strengthening segments that mimic thin coating of viscous silicon patches in the laboratory experiments ( Figure 1b ). A background time-independent stressing ratėis uniformly applied along the fault and acts as loading. At both ends of the fault, zero-displacement boundary conditions are imposed for simplicity. The consequences of these model assumptions on the resulting nucleation are discussed in Kaneko et al. [2016] . Physical and numerical parameters are shown in Table 1 and described in Text S1 in the supporting information.
Using this relatively simple fault model with the parameters derived from the laboratory experiments of Latour et al. [2013] , Kaneko et al. [2016] reproduced the detailed characteristics of observed shear rupture nucleation: (i) The positions of simulated rupture fronts under different effective normal stresses̄agree well with those in the laboratory experiments (Figures 1c-1e ). (ii) For a range of̄, the nucleation is composed of two distinct phases: slow, quasi-static propagation phase (first low slope) and faster acceleration phase (high slope), both of which are likely aseismic processes, followed by dynamic rupture propagation phase (Figures 1f and 1g ). (iii) The length at which the rupture transitions from the quasi-static to acceleration phase can be approximately predicted by a theoretical estimate of critical nucleation length h * RR (equation (3)) ( Figure 1f ). (iv) However, the transition length is also affected by the background loading rate to some extent. (v) The growth of rupture for a range of̄appears to be controlled by the critical nucleation length and breakdown power density.
SAFOD Data
We apply our model of rupture nucleation described above to unique data acquired by the San Andreas Fault Observatory at Depth (SAFOD) geophysical experiment [Zoback et al., 2011] . Near the SAFOD borehole which penetrated three active strands of the San Andreas Fault at ∼2.7 km depth including the southwest deforming zone (SDZ) and the central deforming zone (CDZ), three clusters of M ∼ 2 repeating earthquakes were previously identified ( Figure 2 ). These seismic events recur every few years at the same location and generate The rupture fronts are defined as the locations of two peak shear stresses: one within the left rate-strengthening patch and the other within the rate-weakening patch. (f and g) Characteristics of nucleation phase under a different effective normal stress̄in numerical simulations and for 47 stick-slip events in laboratory experiments. The rupture length (horizontal axis) is defined as a distance from the left edge of the rate-weakening patch to the rupture front. Open circles correspond to theoretical estimates of nucleation length h * RR . Observed and modeled rupture speeds increase with the rupture length. The evolution of the rupture front under a range of̄closely matches the laboratory results. [Zoback et al., 2011] . The SAFOD borehole passes through the southwest deforming zone (SDZ) and the central deforming zone (CDZ). Frictional properties of cuttings and core samples recovered from the SAFOD borehole were measured in laboratory experiments at 25 MPa effective normal stress under saturated and confined conditions [Carpenter et al., 2015] . Shear modulus and Poisson's ratio are calculated from V p , V s , and density. Parameters used in the study of laboratory-scale nucleation [Kaneko et al., 2016] are also shown. similar seismic signals. Among them, the "Hawaii" cluster of repeating earthquakes is located ∼100 m below the drill hole, apparently near or within the 2 m wide SDZ (Figure 2 ). Repeating earthquakes are believed to rupture a rate-weakening patch surrounded by a creeping region [e.g., Beeler et al., 2001; Chen and Lapusta, 2009; Chen et al., 2010] ; accordingly, we may use the modeling approach described in section 2, combined with SAFOD data, to simulate the nucleation process.
Existing measurements of friction properties of cuttings and core samples recovered at the depths of ∼2.7 km show that materials within the SDZ and CDZ generally exhibit steady state rate-strengthening frictional behavior favoring aseismic sliding and consistent with the creeping segment of the San Andreas Fault. Rate-weakening frictional behavior is also reported for wall rocks near the SDZ and CDZ as well as serpentine in the SDZ [Carpenter et al., 2012 [Carpenter et al., , 2015 Moore et al., 2016] . The wall rocks near the SDZ consist of sheared siltstones and shales, whereas the wall rocks near the CDZ consist of sheared siltstones, mudstones, and sandstones. The serpentine within the SDZ is mostly lizardite with some chrysotile [Moore and Rymer, 2012; Carpenter et al., 2015] . Since repeating earthquakes are thought to nucleate within rate-weakening fault patches surrounded by a creeping (rate-strengthening) region, we assume that they occur in rocks that are identical to the SAFOD core samples with rate-weakening frictional behavior.
In situ physical properties obtained from the SAFOD geophysical log data [Zoback et al., 2011] and measurements of friction properties of recovered core samples [Carpenter et al., 2015] provide constraints on most model parameters. The physical properties of relevant rocks at the SAFOD depths are shown in Table 1 . Shear modulus and Poisson's ratio are calculated from the measurements of compressional and shear wave speeds and density. On the basis of stress measurements from the SAFOD pilot hole, an estimate of the effective normal stress on the fault at the SAFOD depth is 122 MPa . Since the existing measurements of friction parameters [Carpenter et al., 2015] are based on a different form of rate-and-state friction laws, we measure friction parameters a, b, and D c by fitting the assumed friction laws (equations (1) and (2)) to the laboratory data shown in Figures 3a-3c . Note that rate-and-state parameters a, b, and D c on natural faults might be different from those measured in laboratory experiments as, for example, D c depends on the gouge-zone thickness. We use laboratory-derived parameters because a narrow principal slip surface is generally required for velocity-weakening frictional behavior and hence the nucleation of an earthquake [e.g., Ikari et al., 2011b] and because the rock samples are from the same materials present in the vicinity of the repeating earthquakes.
We find that wall rocks near the SDZ and CDZ show clear rate-weakening behavior, whereas serpentine in the SDZ is only slightly rate weakening, with b − a = 0.00036 (Figures 3a-3c ). The estimated friction parameters Zoback et al., 2011] . Solid red lines show inferred extension of three deforming zones. The Hawaii (HI) cluster denoted by green circles targeted by a future SAFOD project is located ∼100 m below the southwest deforming zone (SDZ) and 100-150 m away from the SAFOD observatory. are broadly consistent with those of serpentinites and wall rock at equivalent stress conditions in other studies [Reinen et al., 1991; Moore et al., 2016] . The corresponding theoretical estimates of critical nucleation length h * RR for these core samples at SAFOD depths are in the range of 15-42 m (Figures 3d and 3e ). With these physical and friction parameters and stress conditions, we simulate the nucleation process of M ∼ 2 repeating earthquakes on a fault consisting of a 100 m long central rate-weakening patch surrounded by rate-strengthening segments ( Figure S1) . Almost all the model parameters in the central rate-weakening patch are constrained by SAFOD data and the measurements of friction properties of (i) wall rock near the SDZ, (ii) serpentine in the SDZ, and (iii) wall rock near the CDZ. The model parameters in the rate-strengthening segments are the same as those in the rate-weakening patch except for b ( Figure S1 ); the transition from the rate-weakening (a − b < 0) to rate-strengthening (a − b > 0) behavior can be attributed to changes in the fault rock type/composition or surface properties due to temperature and fluid content [Moore and Rymer, 2012; Carpenter et al., 2015; Moore et al., 2016] . The background loading ratėis chosen such that the recurrence interval T of repeating earthquakes is a few years ( Figure S1 ), consistent with that of M ∼ 2 repeating earthquakes at the SAFOD depth [Zoback et al., 2011] . Sincė= Δ ∕T, assumed values oḟimply that the stress drop Δ ≈1-2 MPa, consistent with a typical value of stress drop for crustal earthquakes [e.g., Kanamori and Anderson, 1975] and from laboratory experiments on SAFOD materials [Carpenter et al., 2012] .
Simulated Nucleation of M ∼ 2 Repeating Earthquakes
Despite up to 3 orders of magnitude difference in the physical and friction parameters and stress conditions, the behavior of the modeled nucleation of the Hawaii repeating earthquakes for materials with the properties of the wall rock near the SDZ and CDZ qualitatively resembles that of the laboratory earthquakes. A stress 10.1002/2016GL071569 Figure 3 . Fits to laboratory velocity-step experiments at 25 MPa effective normal stress. Raw data and modeling results for (a) an intact wafer of wall rock near the SDZ, (b) powdered serpentine from within the SDZ, and (c) an intact wafer of wall rock near the CDZ. Sliding velocities before and after the velocity step are indicated. The values of friction parameters are determined by fitting the laboratory data [Carpenter et al., 2015] using an inverse modeling technique [Blanpied et al., 1998 ] with the slip law state-variable evolution (equation (2)). The details of rate-and-state parameters are given in Table 1 . (d and e) Measured friction parameters a − b, D c , and the corresponding nucleation size h * RR for the SAFOD samples with rate-weakening behavior. Depth corresponds to measured depth along the Phase 2 SAFOD borehole. Measured P wave velocity and shear modulus from geophysical logs [Zoback et al., 2011] are shown for reference. The SAFOD borehole passes through the southwest deforming zone (SDZ) and the central deforming zone (CDZ). concentration (i.e., the rupture front) migrates inward from the edge of a rate-weakening patch, and the corresponding peak slip rate monotonically increases during nucleation (Figures 4a and 4c) . Like in laboratory-scale nucleations, the propagation speed of the nucleating rupture front also increases monotonically (Figure 4g ). Three phases of rupture evolution can be identified: an initial slow propagation phase characterized by the first low slope, faster acceleration phase (high slope), and rapid dynamic rupture propagation phase (final low slope) (Figure 4g ). At the onset of the dynamic propagation phase, the rupture becomes bilateral and propagates through the entire rate-weakening patch and parts of the surrounding rate-strengthening segments (Figures 4d and 4f ) .
On the contrary, the case with serpentine in the SDZ shows a complex nucleation behavior. The main rupture front initially migrates in one direction and then propagates back in the opposite direction before it evolves into bilateral dynamic rupture (Figures 4b and 4e ). The amount of slow slip associated with the [Gao et al., 2012] are also indicated for reference. (h) The magnitude of shear-strain rate versus time at different off-fault distances R from the eventual hypocenter. nucleation process is also greater than the other cases (Figure 4e ). This complex nucleation process results from the critical nucleation length being comparable to the size of the rate-weakening patch [e.g., Rubin, 2008; Wei et al., 2013] .
While the general behavior of SAFOD earthquake nucleation is qualitatively similar to laboratory-scale nucleations, the length scale and timescale are orders of magnitude different. For materials with the properties of the wall rock near the SDZ and CDZ, the resulting nucleation length, defined here by a rupture length at the 10.1002/2016GL071569 transition from the quasi-static to acceleration phase, is 3 orders of magnitude larger than the laboratory-scale counterpart (compare Figures 1f and 4g ). Since shear modulus and D c are much larger for the SAFOD samples than polycarbonate (see Table 1 ), the theoretical estimate of a critical nucleation length h * RR (equation (3)) is much larger. In addition, the modeled nucleation lengths are ∼4 times larger than those predicted by h * RR . Slower loading generally results in a larger nucleation length as reported in laboratory studies [Kato et al., 1992; Ohnaka, 1996] and numerical modeling [Kato and Hirasawa, 1996; Kaneko et al., 2016] .
For materials with the properties of the wall rock near the SDZ and CDZ, the acceleration phase begins at ∼1 day before the onset of the dynamic propagation phase (Figure 4g ). In the laboratory-scale simulations, the same phase starts at ∼1 ms before the onset of the dynamic propagation phase (Figures 1c-1e ). The orders of magnitude difference in the timescales is due to differences in the friction properties of the SAFOD samples and polycarbonate (Table 1) as well as in the background loading rates between the tectonic (̇≈ 1 MPa/yr) and laboratory (̇≈ 0.4 MPa/s) conditions. As discussed in Kaneko et al. [2016] , the acceleration phase appears in an equivalent quasi-static simulation (i.e., without the inertial effect), suggesting that this phase is an aseismic process. In addition, moment rate acceleration starts to increase abruptly only from the onset of dynamic rupture propagation ( Figure S2 ). Far-field velocity seismograms are proportional to moment acceleration, and hence, the acceleration phase prior to the dynamic rupture does not contribute significantly to the seismic wave radiation. Since the duration of the acceleration phase is quite long, quantifying the resulting aseismic deformation would allow us to assess whether the nucleation phase can be detected from near-field observations, an issue that we explore in the next section.
Magnitude and Duration of Precursory Signals
To assess whether the nucleation can be detected by near-field observations, we calculate the shear-strain rateṡinduced by slip on the fault at a distance R from the eventual hypocenter of the simulated earthquakes following the widely used procedure of Okada [1992] . For simplicity, the calculations are done for an elastic whole space with uniform isotropic elastic properties. We focus our analysis on the scenarios with the wall rock near the SDZ and CDZ shown in Figure 4g .
Since the numerical fault model is 2-D (i.e., the fault is an infinite strip), we assume that the rupture area of the M ∼ 2 repeating earthquakes is a 100 m by 100 m square fault patch and make a correction for the slip (and slip rate) difference between an infinite strip of width 100 m and a square of width 100 m. The relationship between the average slip U and uniform stress drop Δ on a fault embedded into an elastic whole space is given by U = (Λ∕C)(Δ ∕ ′ ), where Λ is the representative fault dimension and C is a nondimensional geometrical factor [Scholz, 2002] . The ratio of the average slip for a square fault of a width Λ to that for an infinite strip (in-plane shear) of the same width can be shown [Parsons et al., 1988] as U square ∕U in-plane = C in-plane ∕C square = 1.70∕2.55 = 0.667. Hence, the slip (and slip rate) on the square fault is smaller than that on the infinite strip, as expected. We then multiply slip rates during the simulated nucleation (Figures 4a and 4b ) by this correction factor, C in-plane ∕C square . The corrected slip rates are assumed for the square fault patch and used for computing the corresponding strain rates in the Earth.
The square fault patch is discretized into many elongated, rectangular subfaults, each of which has the horizontal length of 0.0275 m and the vertical width of 100 m ( Figure S3 ). A strain rate map at middepth is then calculated using the corrected slip rate distributions on the square fault. For each nucleation scenario, we use elastic constants estimated from the SAFOD geophysical log [Zoback et al., 2011] (Table 1) . Examples of a shear-strain rate map at different time snapshots are shown in Figure S4 . We report the magnitude of shear-strain rates at off-fault distances R of 10, 100, and 1000 m ( Figure S4 ). Figure 4h shows that the magnitude of shear-strain rateṡat these observation points generally increases with time during the nucleation phase. Close (R = 10 m) to the fault,̇shows a decrease and then increase as the quasi-static rupture front migrates toward the center of the rate-weakening patch ( Figure S4 ). Preseismic strain changes for a material with the properties of the wall rock near the CDZ are larger than those of the SDZ, even though h * RR for the CDZ is slightly smaller (Table 1) . This can be explained by the difference in rate-and-state parameter a∕b in the rate-weakening patch (Table 1) . Since a∕b for the CDZ is larger, the actively slipping zone during the nucleation is larger than that of the SDZ (Figures 4a and 4c) , consistent with the theoretical result of Ampuero and Rubin [2008] in that nucleation sizes are generally larger for increasing a∕b with the same b − a. Consequently, the larger nucleation zone for the CDZ results in larger preseismic strain changes (Figure 4h ).
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A few hours prior to the main shock,̇at R = 100 m is 2 × 10 −12 s −1 for a material with the properties of the wall rock near the SDZ (Figure 4d ). Hence, a strain of 7 × 10 −9 would be measured in an hour period. Assuming that noise spectrum and detection threshold for subsurface strain measurements [Agnew, 1986; Smith and Gomberg, 2009 ] are applicable to measurements in a deep borehole, strains of ≳10 −9 would be detectable at an hour period, suggesting that the increase in strain rate is 7 times larger than the detectable level. On the other hand, the corresponding strain at R = 1 km is 10 −11 , which is 2 orders of magnitude below the delectable level (Figure 4d) . A similar inference can be drawn for a material with the properties of the wall rock near the CDZ (Figure 4d ). Our results suggest that precursory aseismic slip of the Hawaii repeating earthquakes would be large enough to be detected by strainmeters situated within a few hundred meters from the hypocenter. This means that an array of strainmeters [e.g., Blum et al., 2010] placed along the existing SAFOD borehole at ∼2.7 km depth may enable the detection of such precursory slip.
Discussion and Conclusions
Using the model of earthquake nucleation validated with laboratory observations and combined with SAFOD drill core data, we have simulated the nucleation process of anticipated M ∼ 2 repeating earthquakes on the San Andreas Fault. Despite up to 3 orders of magnitude difference in the physical and friction parameters and stress conditions, the behavior of the modeled nucleation qualitatively resembles that of laboratory earthquakes, with the nucleation consisting of two phases: initial slow rupture propagation and faster acceleration, both of which are likely aseismic processes, followed by dynamic rupture propagation that radiates seismic waves.
Our results indicate that the precursory deformation of the M ∼ 2 earthquakes could be detected on the basis of near-field strain measurements hours before the occurrence of the earthquakes. However, the nucleation processes and the amount of preseismic strain changes would greatly depend on the in situ rate-and-state friction parameters (Figure 4) . To robustly assess the detectability of the nucleation phase, one would need to systematically examine a wider range of nucleation scenarios, with more comprehensive measurements of friction parameters of drill core samples. In addition, the nucleation processes are simulated using 2-D models, and the corresponding preseismic strain changes for a 3-D source are calculated using corrected slip rate distributions, with some degree of approximation. In more realistic, yet computationally expensive 3-D models, an actively slipping zone during the nucleation tends to localize into a circular or elliptical region [e.g., Kaneko et al., 2010; Noda et al., 2013] . Hence, our estimates of preseismic strain changes (assuming a square source region) may have been slightly overestimated.
Our model implicitly assumes that the final dimension of earthquake rupture, or the size of an earthquake, is independent of the nucleation length as long as the critical length is less than the earthquake size. For example, critical nucleation lengths estimated from the physical and friction parameters of SAFOD samples appear to be of the order of tens of meters, which are smaller than the size of a typical M ∼ 2 earthquake. Hence, our present study did not address whether the nucleation process of a larger earthquake can be captured by the near-field observations, which is an issue of societal importance. An important consequence of the above assumption is that a nucleation zone is not necessarily larger for a larger earthquake. Accelerating slow deformation associated with the nucleation phase of an earthquake has not yet been confidently detected anywhere; therefore, observing such precursor, even for the M ∼ 2 repeating earthquakes, would open up a possibility for monitoring the nucleation process of a destructive large (M > 6) earthquakes.
The nucleation phase of earthquakes in mines has been studied by several investigators and is relevant to the findings in this study. For example, Yabe et al. [2015] inferred the nucleation process of a M 2 earthquake from the accelerating foreshock activities starting 7 days before the main shock. Given that physical conditions and near-field deformation in mines can be accurately monitored, it may be feasible to constrain the amplitude of precursory deformation signals expected from the nucleation process of earthquakes in mines using our modeling approach.
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